[1] The Cayman Current flows to the west, and most of it turns north as it approaches the Yucatan coast, producing a persistent northwesterly flow on both sides of Cozumel Island. The transport between the Yucatan Peninsula and Cozumel Island (i.e., through the Cozumel Channel) is close to 5 Sverdrups in the mean, with velocities at midchannel ranging from 20 to 180 cm/s. A recent study of the subinertial flow and pressure difference across Cozumel Channel by Chávez et al. (2003) showed the existence of periods lasting over 1 month with large 3-day to 1-week ageostrophic fluctuations. The flow was measured again for a year, now at four locations around Cozumel Island, including two instruments along the axis of the channel 8.6 km apart, thus allowing estimations of the along-channel velocity gradients. The new measurements reveal that, as suggested in the previous study, the centripetal or curvature acceleration of the current is the most significant contribution in the departure from geostrophy. Indeed, the curvature is, at times, so large that the pressure difference implies a geostrophic flow in the direction opposite to that of the actual flow; that is, the curvature is anticyclonic with amplitude in Rossby number larger than unity. Measures of the intensity of suprainertial variations, in pressure differences and velocity, show that periods of ageostrophic fluctuations are consistently much richer in high-frequency fluctuations than periods of nearly geostrophic behavior. Nonetheless, the large-scale Reynolds stresses play an insignificant role throughout.
Introduction
[2] Even though for subinertial motions the geostrophic and gradient wind balances are often observed to hold quite widely and serve as the main diagnostic relationship in geophysical flows, there is always the interest in deciphering which other terms of the momentum equations may play a significant role at any particular location or time. The geostrophic balance is usually found in channels; see for example Toulany [1981, 1982] for the Strait of Belle Isle, Candela et al. [1989] and Candela et al. [1990] for Gibraltar Straits, Tsimplis [1997] for the Straits of Euripus, and Feng et al. [2000] for Tokara Strait. The momentum equation in the perpendicular direction of a strictly unidirectional flow requires balancing of the Coriolis acceleration, which is usually accomplished with the pressure gradient; there is no advective term in the direction perpendicular to a unidirectional flow. In fact, in the absence of Reynolds stresses and external forcing (i.e., wind and bottom stresses), the across-channel pressure gradient is the only term that can balance the Coriolis term. For a uniform channel away from its entrance and exit, where the flow must be unidirectional, the stress imposed by the wind on the surface and its variation in the vertical are the prime candidates to offset the geostrophic balance.
[3] In the western Caribbean Sea a meandering jet current, the Cayman Current, flows westward around 19°N. It must carry at least about 23 Sv (10 6 m 3 s À1 1 Sv) in the mean, since its continuation is the Loop Current and this is the net transport that crosses from the Caribbean into the Gulf of Mexico Sheinbaum et al., 2002; Ochoa et al., 2003; Candela et al., 2003] . As the jet approaches the Yucatan Peninsula, it turns mostly north, becomes the Yucatan Current, and feeds the Loop Current inside the Gulf of Mexico. The Cozumel Channel lies north of the latitude where the Cayman Current most often impinges upon the Yucatan Peninsula (see Figure 1) . A drifter release experiment [Badan et al., 2001] shows the surface Cayman Current approaching the Yucatan Peninsula and turning north. A recent study by Centurioni and Niiler [2003, Figure 6 ] includes a larger drifter set and shows the intensification of current speeds after the turning. The Cozumel Island divides the Yucatan Current; most of it flows east of the island in the Caribbean Sea proper, but about 20% of the mean transport [Chávez et al., 2003] (hereinafter referred to as Ch03) flows west of the island within Cozumel Channel.
[4] Cozumel Channel is a passage 18 km wide, 50 km long, and 400 m deep, located about 70 km southwest of the Yucatan Channel in the Caribbean Sea ( Figure 1) ; it is bounded by the Yucatan Peninsula to the northwest and by the Cozumel Island to the southeast, and has a very regular bathymetry without relevant sills. Ch03 report the occurrence of large ageostrophic fluctuations and show evidence that the advective terms rather than the wind or Reynolds stresses are the main ageostrophic contributions. It must be recognized that the term ''channel'' in this location is only marginally correct, since the uniform portion (away from its entrance and exit) is not much longer than its width. We show that the centripetal acceleration, or almost equivalently the advective acceleration in the direction perpendicular to the main flow suggested by Ch03, is indeed a main ingredient in the dynamical balance of the ageostrophic fluctuations. Here the term ''geostrophic velocity'' is the pressure difference translated into velocity units through the geostrophic relation (i.e., it is not the measurement of a flow velocity but of a pressure difference). It is shown that a gradient wind balance best explains the observations.
[5] As in the work of Ch03, two pressure sensors 17.85 km apart, on both sides of the channel, and one acoustic Doppler current profiler (ADCP) between them at midchannel, allow examination of the geostrophic balance. Appendix B presents shipboard ADCP data showing that the midchannel velocity is a good measure of the average velocity across the channel. Therefore, if a geostrophic balance holds, it relates the midchannel velocity with the across-channel pressure difference. An additional ADCP, installed on purpose 8.6 km downstream from the previous one, also at midchannel, allows the estimation of along-the-current variations. These observations lasted 1 year and play the main role in this study. The pressure measurements on both sides of the channel extend much longer, 7 years, than the moored current measurements. This study shows that when simultaneous pressure and currents measurements were available, the high-frequency fluctuations (of periods much shorter than the inertial period) increased (decreased) in pressure and velocity during lapses of ageostrophic (geostrophic) behavior. Therefore, extrapolating these results, the pressure measurements by themselves, even without current measurements, provide estimates of the periods when ageostrophic fluctuations are present. Another finding is the fact that the sea slope variations are very much dictated by the sea level at Cozumel Island, with smaller fluctuations on the mainland.
[6] The following section describes the available observations. Appendix A shows the harmonic analysis of the main tidal constituents in pressure, pressure difference or across-channel mean slope, and along-channel velocity. The third section presents the gradient wind relationship as the plausible dynamical balance relating, for subinertial frequencies, the currents and pressure differences. The same section shows the comparisons with the observations. Curvature estimation and error analysis are given in Appendix C. Section 4 presents discussions and speculations, in particular on the origin of the ageostrophic fluctuations and the simultaneous increase in high-frequency variance. The last section summarizes the conclusions. Table 1 ). One ADCP (location S), moored at the center of the channel over the 427 m water depth, measured currents at sixteen 8-m-thick bins centered at 139, 131, . . ., 27, and 19 m below the sea surface. This mooring was aligned between the two anchored subsurface pressure sensors, one on each side of Cozumel Channel, at Calica and on Cozumel Island. Another ADCP (location N) measured at similar depths along the channel axis, but 8.6 km downstream (northeast) from the previous ADCP. There are two other locations where simultaneous ADCP measurements are available: one (at location P) farther to the northeast, 26 km downstream from the northern ADCP in the middle of the channel, and another in 600 m of water off the eastern side of Cozumel Island (at location E).
Observations

Pressure
[8] Figure 2 shows the time series of pressure anomaly in centimeters of water for the full set of measuring intervals, each lasting approximately 1 year. The sampling intervals varied from 3 to 15 min, and all records were resampled uniformly at 30-min intervals by averaging and linear interpolation. The mean pressure of each period is subtracted. During the fifth period, a malfunction caused data loss from the Cozumel sensor. The variance from tides is evident, but the pressure difference shows a smaller contribution in tidal fluctuations, indicating, as is shown in Appendix A, that tidal elevations on both sides of the channel are close in amplitudes and phases.
[9] A measure of the intensity in high-frequency fluctuations can be the index,
where the operator {} stands for a low-pass filter (i.e., a half-week-long running mean), dp is the pressure difference, and a is a suitable constant so we can compare dp and I on the same plot. At the latitude of Cozumel Channel the inertial period is 34 hours, so the intensity measure is designed for suprainertial variations, which include the main tidal fluctuations. The term suprainertial/subinertial refers to periods shorter/longer than the inertial period. The spectra of dp is red, and the spectra of d 2 dp/dt 2 blue. Within the band form periods of 0.2 days (five oscillations per day) to 2 days (recall that the inertial period is 1.4 days) the spectra of dp follows a power law close to w À1.5 and, accordingly, the spectra of d 2 dp/dt 2 close to w 2.5 , where w is the frequency. Their spectra also shows that for periods longer than a day, dp has more than 99% of its variance, and d 2 dp/dt 2 has less than 1% of its variance. Figure 3 shows this measure of intensity and the pressure differences in the top panel. An interesting characteristic of the pressure signals is that using the same a, the intensity index is practically the same if, instead of dp, the detided pressure at Cozumel is used; the correlation coefficient among these two intensity measures is 0.996. The bottom panel of Figure 3 shows the time series of both measures, and the one computed with the detided pressure signal of Calica. Most of the high-frequency variability in the pressure difference is due to fluctuations at Cozumel. The middle panel in Figure 3 shows detided pressure signals, which can be compared with the times series in Figure 2. 
Currents
[10] Currents were measured, within the channel and farther northeast along the Yucatan Peninsula, at three locations (S, N, and P) with 300-KHz RDI-WH ADCPs, all looking upward from near 140 m below the surface in close to 400 m water depth. A fourth ADCP (location E) consisted of a 75-KHz RDI-LR moored on the eastern side of the island in 600 m depth (see Table 1 ). The averaging of raw ADCP data, in all instruments, provided one profile every 30 min.
[11] The velocity structure at all locations is highly correlated in time and space; Figure 4 shows, for the two ADCPs at midchannel, that the vertical profiles are very much alike in the mean and fluctuation structures. These profiles are built selecting the individual profiles with ''low'' measurement error, as deduced by the intrinsic redundancy of the four beam ADCPs used. The selection criterion was that all bins of a recorded profile have an error below 2 cm/s; thus only about 5% of the entire set of profiles was considered in the computation of such empirical orthogonal functions (EOFs). The three most energetic EOFs of the low error velocity profiles in the along-channel component are then used to construct the full time series of profiles by projecting the measured profiles with weights inversely proportional to the velocity error. A similar set of EOFs (not shown) were obtained for all four ADCPs.
[12] It is straightforward to compute a similar intensity measure as defined in equation (1) for high-frequency velocity fluctuations. Here we use the velocity component Distance between the pressure sensors is 17.85 km. Distance between the two ADCPs within the Cozumel Channel (S and N) is 8.6 km, with the southern ADCP (S) located between the two pressure sensors.
along the main axis of variability (u), which is, within error bounds, equal to the axis defined by the mean current. From here on, velocity at 30 m below the surface is used. A comparison of
among the four ADCPs and the geostrophic velocity [ Figure 5 ] shows that the high variability in velocity and pressure occurs simultaneously at all locations, and is very much correlated within the channel (locations S, N, and P). At the mooring outside the channel (location E) the variability is higher in general and does not change as much, but shows the intensification periods as well.
[13] The use of other intensity indices for velocity, as using v (i.e., the velocity component 90°counterclockwise from the mean velocity) or (u, v) Ám, withm in any direction, or @u/@z instead of u in equation (2), produces similar pattern; functions that are almost proportional to each other for a given mooring. Some vector quantities do not have the axis of highest variability aligned with the along-channel axis. For example, the main axis of variability for @ 2 (u, v)/@t 2 is at 62°and for @(u, v)/@z at 43°, to the left of the mean velocity. As just said, these differences in the orientation of vector quantities do not affect significantly the intensity index defined by equation (2); all relatives (i.e., intensities index) are proportional to each other.
Subinertial Signals
[14] We use a low-pass filter with a cut-off period of 34 hours to separate the subinertial variations, and also to estimate Reynolds stresses by ''averaging'' or filtering cross-products among the high-frequency suprainertial residuals, which include the major tidal constituents. These stresses are not the short-scale stresses, but of a scale on the order of the separation between current meters. Since tides are important, but unnecessary for the analysis that follows, harmonic analyses are found in Appendix A.
[15] The gradient wind relation involves directly the centripetal acceleration and Coriolis force. The only ingredient left is the component of the pressure gradient in the direction perpendicular to the velocity. Therefore it is convenient to present the momentum equation in the direction perpendicular to the flow. This is done next, along with its comparison with observations.
[16] In the absence of stresses and in its most conventional form, one of the equations of motion is where v is the velocity component along the y axis, u is the component along the x direction, 90°clockwise from the y axis (u, the velocity vector is (u, v) in a Cartesian reference system), f is the Coriolis parameter, r is mass density, t is time, and p is pressure. Here we use v for the component perpendicular to the mean current and the principal axis of variability. The flow is in geostrophic balance if fu = Àr À1 @p/@y.
[17] The equations of motion in the ''natural directions'' [see, e.g., Gill, 1982, pp. 233-235; Viúdez and Haney, 1996] express the dynamical balance in the direction of the flow, and in the perpendicular direction. For the latter the equation is
where U juj, 1/r @q/@s or curvature, s is the 'local coordinate' in the direction along the vector velocity (i.e. u), n is the ''local coordinate'' in the direction perpendicular to u, 90°counterclockwise from u, and q is defined such that u = U cos(q) and v = U sin(q). That equations (3) and (4) are equivalent where v = 0 is shown in Appendix C.
[18] In the direction of the flow, the equation of motion is independent of f, @U/@t + U@U/@s = Àr À1 @p/@s.
[19] The operators @/@s and @/@n are directional derivatives such that @A/@s grad(A) Á u/juj and @A/@n grad(A) Á (Àv, u)/juj. For two-dimensional flows, the direction of u and perpendicular to u, 90°counterclockwise from it (i.e., the direction of the vector (Àv, u)), are well defined whenever U 6 ¼ 0. In terms of such variables (U and q instead of u and v) and independent ''directions'' (s and n instead of x and y), the vorticity (z = @v/@x À @u/@y = U@q/@s À @U/@n) shows explicitly its two contributions: one related to the curvature, and the other to the shear. For a solid rotating vortex, both contributions are the angular velocity (i.e., U/r). Notice that only the contribution of vorticity due to curvature shows explicitly in equation (4), but, as explained in Appendix C, an undisputed estimation of curvature requires q, @v/@x, @u/@y, @v/@y, and @u/@x.
[20] When or where v 0, the term v@v/@y in Equation (3) is also zero and there is, at that time or position, an equivalence of terms with those in equation (4) (i.e., @v/@t U@q/@t, u@v/@x U 2 /r, u U, and dy dn). Note that v = 0 does not imply @v/@x = 0 nor @v/@t = 0.
[21] As in the work of Ch03, a very persistent northeastward along-channel current characterizes the flow. The current never reverses during the period of measurements. The mean current is at 36°east of north, and the principal axis of the current variability is at 35°; the difference is not statistically significant. The other velocity measurements (see Table 1 and Figure 1 , for location) also show the axis of maximum variability along the mean current.
[22] Since the measurements show that the along-channel component, here taken as u in the x direction, is consistently larger than the component across the channel (i.e., larger than component v in the y-axis), analyzing the currents via either equation (3) or equation (4) produces the same results. Finite differences (i.e., @p/@y % Dp/Dy, where Dp(t) = p CAL (t) À p COZ (t) is the pressure at Calica minus the one at Cozumel Island, and Dy is the distance that separates the pressure sensors, 17.85 km) approximate the right-hand side term of equation (3). Similarly, the estimate @p/@n % cos (q)Dp/Dy can be argued to be appropriate by assuming that the along-channel (i.e., along x or s) pressure variations are much smaller than the across-channel ones (i.e., along y or n). The calculations show insignificant differences if cos (q) is taken as 1 instead of its instantaneous value. The ratio between U@q/@t and fU is (@q/@t)/f, which by definition of subinertial motions should be small. For subinertial motions, as the computations below indicate, the terms @v/@t and U@q/@t are insignificant relative to fu or fU. Therefore a straightforward candidate for a balance equation is
where
is the geostrophic velocity (i.e., a pressure difference), and
defines a local Rossby number, which is the ratio of the centripetal and Coriolis accelerations.
[23] We use two procedures to estimate curvature, as explained in Appendix C. These estimates in turn produce a time series of a signed R O = R O (t). The Rossby number when much less than 1 in absolute value reflects a geostrophic balance in equation (5) and in general the gradient wind balance. Equation (5) is slightly more general than the geostrophic balance, in the notation of equation (3), and having u much larger than v, it reads
[24] The signed Rossby number (equation (7)) allows the cyclonic and anticyclonic classifications. The geostrophic velocity overestimates the actual velocity when a positive or cyclonic curvature (R O > 0) occurs, but underestimates it when a negative or anticyclonic curvature (R O < 0) exists. There are extreme events with R O < À1 that imply geostrophic and gradient wind velocities of opposite sign. Figure 6 shows time series.
[25] The term f À1 @q/@t, neglected a priori in equation (5), has extreme values of plus and minus 0.1 and a standard deviation of 0.02. The term U@q/@t is indeed, as expected, small relative to fU.
[26] Equation (5) relates absolute velocities and absolute pressure differences. Since the measurements only provide pressure anomalies, as per Ch03, we estimate the reference pressure difference with mean velocities when velocity and pressure anomalies closely follow a geostrophic balance. The month of November 2001 shows no large departures, in the anomalies, from a geostrophic balance, and the correlation between U G and U is high at 0.94. The Rossby number during this month varies from a maximum of 0.15 to a minimum of À0.16. The addition of a reference pressure difference such that the geostrophic velocity matches the actual measured velocity for this period produces an ''absolute'' geostrophic velocity. Figure 7 shows the time series of velocity and absolute geostrophic velocity for a period different from the matching one. Having this pressure reference, a comparison in terms of equation (5) for the entire record is possible. Figure 7 shows a period when ageostrophic terms are insignificant. Figures 8 and 9 give examples of periods when the Rossby number is too large for the geostrophic balance to hold, and the gradient wind balance provides a better match.
[27] The term (1 + R O )U has units of velocity but should not be interpreted as the velocity of particles; equation (5), whose terms are accelerations divided by f, is a momentum balance equation. The velocity scale of m/s in Figures 7 -9 can be interpreted as the elevation difference from Calica to Cozumel in decimeters. In fact, U G is just the ''measured'' elevation difference multiplied by a constant factor (i.e., Àf À1 g/Dy). The thick solid and dashed lines are then the expected elevation difference, inferred by the known velocity and its gradient, if a geostrophic or a gradient wind balance holds.
[28] Along the entire record, there are 12 events with a Rossby number less than À0.5, but only one greater than 0.5. The correlation between U G (or simply the pressure difference) and the along-channel velocity U is negative, À0.35 ± 0.015 (with 90% confidence limits; all confidence limits reported in this paragraph result from a bootstrap calculation, and are at the 90% centered limit), whereas the correlation between U G and (1 + R O )U (or the expected pressure difference considering the Coriolis and centripetal acceleration) is 0.57 ± 0.015. The pressure difference appears to be directly correlated with the sum of the Coriolis and centripetal acceleration, but inversely, and less correlated, with the Coriolis term alone. (5)).
[29] There is a close relationship of ageostrophic/geostrophic behavior with the intensity of suprainertial fluctuations. For the periods corresponding to the 35% highest intensities, the negative/positive correlations of the pressure difference (U G ) with the velocity (U) and (1 + R O )U are more pronounced. These include the fractions shown in Figures 8 and 9 , but exclude the one in Figure 7 ; the correlation of U G with U is À0.54 ± 0.014 and with (1 + R O )U is 0.64 ± 0.014. The large positive correlation between U G and U observed in Figure 7 drops out from the full record because those fluctuations (i.e., the ones nearly in geostrophic balance) are small in comparison with the anticyclonic fluctuations. Notice the change of scale from Figure 7 to Figures 8 and 9.
[30] As in the work of Ch03 (not displayed explicitly in figures here) the Reynolds stresses play no role in the departure from a geostrophic balance, nor do we find an improvement in the gradient wind balance. This means that hu@v/@xi % hui@hvi/@x ) @ hu 0 v 0 i/@x, where the brackets stand for the low-pass filter that separates the subinertial (hui) from the suprainertial (u 0 ) fluctuations and u = hui + u 0 . Care was taken that the filter phase shift be null at all frequencies above the Nyquist, but filtering cannot entirely replace ensemble averages, and such stresses can not be considered short-scale stresses. For example, the standard deviation of f À1 @huvi/@x (i.e., of À0.001, while the standard deviation and mean of both summands is close to 0.22 and 0.04. In other words, the Rossby number computed with the subinertial velocities equals the filtered Rossby number of the original velocities. Another Reynolds stress term, @hu 0 u 0 i/@x, one that influences the along-channel momentum equation, has a standard deviation 2 orders of magnitude smaller than @huui/@x % @(huihui)/@x.
Discussions
[31] The striking relationship of intensity indices with ageostrophic lapses is, we believe, important. That ageostrophic events are closer to a gradient wind balance does not help much in elucidating their origin; the gradient wind balance is as purely diagnostic as its geostrophic limit. The speculation is that the high variability, and ageostrophicity within Cozumel Channel, are ingredients of the turbulence that accompanies large eddies in their transit through the neighborhood. Large mesoscale eddies have been observed in the Caribbean Sea [see, e.g., Nystuen and Andrade, 1993] , and peripheral, smaller eddies are a common feature that accompany the large eddies. Their interaction with topography, quite likely, enhances smaller-scale, high-frequency motions, which we suspect are the source of both the intensification of suprainertial fluctuations and the surge of motions in gradient wind, rather than geostrophic, balance. There is also numerical evidence that supports the intensification of suprainertial fluctuations in conjunction with large eddies. The numerical outputs of large-scale oceanic simulations such as those of the OPA model , show the intensification of suprainertial motions within and near the edge of mesoscale eddies. McWilliams et al.
[2003] have put forward some theoretical arguments about the convolution of perturbations within eddies. These perturbations of the flow are dynamically dependent on the larger-scale vorticity gradient, and advected mostly by the large-scale velocity field. Therefore the transit of slowly varying fluctuations with high spatial structure over a fixed measuring point should result in high-frequency perturbations. [32] It is also unexpected that the sea level variations at Calica are much smaller than at Cozumel. Both sides are similar in coastline regularity and bathymetry, and no coastal feature would suggest such asymmetry. This issue clearly deserves further investigation.
Conclusions
[33] The subinertial flow in Cozumel Channel shows large ageostrophic oscillations with timescales from 3 days to 1 week that are linked to a gradient wind balance. The along-channel advection of transverse momentum (u@v/@x) or, equivalently, the centripetal acceleration (U 2 @q/@s) is the term that follows the ageostrophic fluctuations. A signed Rossby number (equation (7)) reaches values below À1, indicating the presence of large anticyclonic fluctuations. During these events, the geostrophic velocity is in the opposite direction to the actual velocity; the sea level at Cozumel Island, normally lower by 10 cm than the one at Calica (i.e., 1 m/s in velocity), rises up to the point of reversing the slope even though the current remains along-channel northeastward. The large ageostrophic events are mostly anticyclonic, and the pressure differences show, accordingly, an asymmetrical behavior. Relative to a mean pressure difference during low-intensity periods, the vast majority of fluctuations are negative.
[34] The main tidal elevation fluctuations are higher in the semidiurnal than in the diurnal constituents, but this order reverses for the across-channel difference. The along-channel velocity and across-channel pressure difference have larger diurnal than semidiurnal components. The main diurnal constituents of along-channel currents depart from a geostrophic balance in terms of the across-channel pressure difference. The departure for O1 is close to a 40°p hase shift but insignificant in amplitude, and K1 differs in amplitude by a factor of 2 and in phase by 20°. The current amplitudes of diurnal tides are about half the values reported by Carrillo [2002] and Maul et al. [1985] in the Deep Yucatan Channel, and about a third for near-surface currents in the Yucatan Channel [Carrillo, 2002] .
[35] The periods of high intensity in velocity and pressure within the channel occur simultaneously and are highly correlated. Curiously, the large-scale Reynolds stress we can infer, @ hu 0 v 0 i/@x, is insignificant during periods of high or Figure 9 . Same as Figure 8 , but at the end of the measuring period. The gradient wind balance shows evidence of extreme events with anticyclonic curvature when R O < À1, and the velocity is of the opposite sign from the geostrophic velocity. The gradient wind balance with R O values below À1 best describes two events that reach large relative minima in the pressure difference.
low variability. As in the work of Ch03, the Reynolds stresses that we can estimate via low-pass filtering neither account for the ageostrophic fluctuations nor improve the gradient wind relationship. The evidence points to a relationship of high intensities during periods when large departures from a geostrophic balance occur. Periods of high intensity, and thus suspected ageostrophic flow, are found to be very common (see Figures 2, 3 , 5, and 6), and last on the order of several weeks, separated by similar periods with low intensity in high-frequency fluctuations and flow in geostrophic balance. There is substantial evidence that indicates that periods with ageostrophic fluctuations coincide with high intensity of suprainertial motions, as the two periods when currents and pressures coexist show. The pressure on the island side dictates the pressure difference variability, with fluctuations on the mainland remaining much smaller, an observation that requires further investigation.
Appendix A: Harmonic Analysis
[36] All tidal analyses were done with the program of Pawlowicz et al. [2002] . The tidal contribution accounts for 58% and 64% of the variance in pressure at Cozumel and Calica, the actual standard deviations being 9.4 and 8.6 cm, respectively. The standard deviation of the pressure difference is 3.3 cm, and the contribution of tides to the pressure difference is very small, with a standard deviation of 0.6 cm. The lagged autocorrelation function for the pressure difference reaches zero at about 700 hours lag (i.e., a month); thus the actual number of degrees of freedom for the available $7 years of pressure difference is on the order of 75.
[37] With 7-year-long records a harmonic analysis would be expected to produce, for many semidiurnal and diurnal components, a high signal-to-noise ratio (SNR). The number of diurnal and semidiurnal constituents with SNR above 10 in both pressure signals is 16. In particular, Q1, K1, O1, N2, M2, S2, and K2 are constituents that stand out with a SNR above 100 in both pressure signals; Table A1 lists the amplitudes and phases of the elevations for those tidal constituents. Nonetheless, the SNR for the pressure difference is quite small in comparison with each of the actual pressure signals, which is expected, because both pressure signals are very similar. A partial remedy is to exclude from the harmonic analysis periods during which the intensity index (see equation (1)) exceeds a certain level; the amount of data is reduced, but the noisier sections are discarded. Table A1 also lists the harmonic constants and SNR of the pressure difference, computed by selecting 75% of the available pressure differences with the lowest intensity measure. The SNR of the individual pressure signals increases above 220 for the constituents listed in Table A1 .
[38] The use of millimeters of water as the units for the ''pressure difference'' is helpful; for this latitude and separation between pressure sensors, the mean geostrophic velocity from side to side associated with such pressure difference is 1 cm/s per millimeter difference (to be exact, 1.075 mm gives 1 cm/s in velocity). On average, given that the mean velocity is close to 1 m/s, the sea surface at Calica must be on the order of 10 cm above that at Cozumel Island.
[39] Table A2 lists the two dominant constituents in the along-channel velocity (O1 and K1) and those corresponding to the geostrophic velocity (as deduced by the pressure difference) for the period from June 2001 to July 2002, when simultaneous measurements of pressure, velocity, and along-channel velocity gradients are available. These harmonic constants were computed List of tidal constituents with signal-to-noise ratio (SNR) above 100 at both Cozumel (COZ) and Calica (CAL); the amplitudes are given in millimeters. The pressure difference, D, has a surprisingly small SNR, a disadvantage that is partially solved by removing the periods of high-intensity disturbances. In the time series of D I , periods of high intensity, as defined in equation (1), are discarded from the harmonic analysis, leaving only 75% of the originally available pressure difference, but increasing the SNR. List of the along-channel velocity with signal to noise ratio (SNR) above 5 in both ADCPs, with the amplitudes in cm/s. The pressure differences, denoted by D I , have been ''converted'' to cm/s via the geostrophic relation. Only periods of low intensity, as defined in equation (1), are included in the harmonic analysis, as done in Table A1 .
by discarding the periods of high-intensity pressure fluctuations and are the only ones with a SNR above 5 in the measured velocities. The harmonic analysis carried out with the full record of pressure measurements (Table A1) is consistent (with higher SNR) with the partial record presented in Table A2 .
Appendix B: Midchannel Velocity and Across-Channel Average Velocity
[40] The across-channel average of along-channel velocity compares well with the along-channel velocity at midchannel. The same shipboard ADCP measurements as those involved in Figures 2, 8 , and 9 of Ch03 allow 16 realizations for this comparison. Figure B1 shows one of a set of 16 crossings, either from the island to the mainland or vice versa. Figure B1 is the crossing with a higher departure from the across-channel direction, here taken as the y axis. Figure B2 shows the full set of available crossings. For each realization, the average (from side to side of the channel) of the along-channel velocity component is compared with the value at midchannel. Figure B3 plots the set of averages and midchannel values, and their difference. The maximum difference, for realization 2, has a midchannel value 48% larger than the average. Curiously, crossings 1, 7, and 14 have a larger average than the midchannel value, where a maximum values would be expected. Some differences are large; realizations 2 to 5 are above 16%, but the rest are smaller than 10%. In the mean of the 16 crossings, the midchannel velocity (1.16 m/s) is 10% above the across-channel average (1.06 m/s). The difference rms is 18 cm/s.
[41] Table B1 shows the actual numbers that construct Figure B3 ; the average and midchannel value of the along-channel velocity component. The same table includes numbers in relation to the inset profile ofR O Àf À1 @u/@y. The positioning and velocity vectors are 5-min averages of the shipboard ADCP measurements, and the ship's position. A straightforward finite difference produces estimates of @u/@y, with quite large amplitudes in some differences, those with small separation (i.e., Dy). The inset forR O in Figures B1 and B2 disregards the values when Dy < 170 m, which is a hundredth of the channel's width. Table B1 has estimates ofR O corresponding to linear fits of the form u = u O + (@u/@y)(y À y) to three different sets of u and y on a given crossing. One set is for positions in a 10-km-wide section centered in the midchannel position (where moorings S and N are). This covers from 5 km to 15 km in the y direction of Figure B1 , and is labeled asR Omiddle. The other two sets are chosen from the midchannel position to either the peninsula side (R O -Calica) or the island side (R O -Cozumel).
Appendix C: Curvature and Its Error Estimation
[42] Two curvature estimates were produced. The first curvature estimation is performed by fitting concentric circles such that velocity vectors are tangents. Any estimation procedure includes some assumptions; in this case, it is that particle trajectories, between current meters, are circle segments (i.e., a uniform curvature in between). This is the natural extension of estimating mean derivatives with finite differences. The curvature(s) thus implied is(are) independent of the coordinate system in use, and a small discrepancy, as explained below, arises when the radii are different.
[43] The conventional (and operational, in terms of the fields u = u(x, y, t), and v = v(x, y, t)) definition for curvature is [see, e.g., Gill, 1982, pp. 233-235; Viúdez and Haney, 1996] 
To help produce a formula in terms of the conventional partial derivatives of the velocity field, notice that from the definition of U and q: U 2 dq = À vdu + udv. This equation and the definition of @/@s (see text) imply
where, to shorten the notation, we have used, c cos(q) = u/ U, s sin(q) = v/U, v X @v/@x, v Y @v/@y, u X @u/@x, and u Y @u/@y. We use a coordinate system as depicted in Figure B1 , such that jsin(q)j < cos(q) % 1; with the x axis downstream, in the along-channel direction. Finite differences from mooring S to N produce estimates of v X and u X , and the use of equation (C2), with v Y and u Y taken as zero, (i.e., U@q/@s % c 2 Á v X À c Á s Á u X ) is the second estimate of curvature. This estimate depends on the coordinate system of choice.
[44] The rms value of the difference between the two estimates is less than 2% the standard deviation of either curvature. The maximum difference in radii for the first estimate or between the two Rossby number estimates is 1.2%. In comparison with the separation between moorings S and N, say DX = 8.6 km, the radii were always larger than twice this distance. Only four events showed radii below 4 Á DX, and this happen in less than 1% of the total observation period. That the neglect of v Y and u Y only introduces small errors is shown below.
[45] Expanding equation (C1), k = (@v/@x À @u/@y)/U + (Àv@U/@x + u@U/@y)/U 2 = (V + @U/@n)/U, it is clear that its evaluation is the vorticity minus the shear vorticity. As equation (C2), the shear contribution to vorticity fulfills
[46] For completeness, the ''natural'' contributions to divergence, @u/@x + @v/@y = @U/@s + U@q/@n, satisfy
[47] Any of the natural contributions to vorticity and divergence depend on all space derivatives of the flow field. A rotation of the x and y axes with corresponding velocity components, such that U = u at a particular position and time, implies that for that position and time, U@q/@s = v X , @U/@n = u Y , @U/@s = u X , and U@q/@n = v Y . It follows the term-by-term equivalence of equations (3) and Figure B2 . Set of 16 crossings, each with the set of velocity vectors and a left inset as repetitions of the structure of Figure B1 . The triangles are the positions of the pressure sensors (as in Figures 1b and B1 ). Table B1 is 1.2, and the corresponding estimates of f À1 @v/@y have a rms of 0.6. The crossings are not as numerous as desired, and the scale chosen to estimate gradients (i.e., trend within 10-km-wide bands) might be questionable. In the absence of better estimates, we use those as the common values of Figure B3 . Across-channel average velocity (line with triangles), velocity in the midchannel position (line with circles), and difference (asterisks). As expected, the average is usually smaller than the midchannel velocity. The maximum difference in this set of crossings is 45% in crossing 2. [49] As is clear form equations (C2) to (C5), an undisputed estimation of any contribution to vorticity and divergence in the ''natural directions'' requires the gradients of both velocity components. The simplest way to attain this is with a triangular array of current meters; two current meters by themselves, or three of them aligned, cannot provide gradients in all directions.
